Abstract Tumor necrosis factor alpha (TNF-α) is a critical cytokine that is involved in systemic inflammatory response and contributes to the activation of the proinflammatory phenotype of the endothelium. In the present study, effects of TNF-α on morphology and elasticity of endothelium in relation to the production of NO and actin fiber reorganization were analyzed in human dermal microvascular endothelial cells. The cells were incubated in MCDB medium solution and stimulated with 10 ng/ml of TNF-α. Atomic force microscopy measurements have enabled characterization of cell morphology and elastic properties in physiological conditions. The spectrophotometric Griess method was applied to estimate nitric oxide (NO) production of the cells. We demonstrated that TNF-α-induced changes in elasticity of endothelium anti-correlate with NO production and are associated with the reorganization of actin cytoskeleton.
Introduction
The endothelium is regarded as the biggest endocrine organ in human body [19] . It forms a tight monolayer of cells on the luminal side of blood vessels, and thus, it maintains a natural barrier between blood and other layers of blood vessels. Wide research on endothelium has uncovered a huge variety of its functions that contribute to the homeostasis of the cardiovascular system. Endothelium produces and reacts to numerous chemical compounds and regulates the vascular tone (i.e., relaxation and contraction of blood vessels) through paracrine response. Endotheliumderived mediators regulate not only blood flow but are also involved in angiogenesis and are fundamental in the regulation of vessels thromboresistance [10] . Endothelial activation is crucial in the inflammatory response initiating leukocyte engagement process, which recruits leukocytes to the site of inflammation [21] .
Various cell signaling pathways (i.e., mechanotransduction processes) and cytoskeletal rearrangements are triggered by changes in the physical stress and forces applied to the cell. Endothelial cells, similarly to muscle or red blood cells, due to their function and location undergo constant squeezing and stretching from the environment. As a result, elasticity of endothelial cells plays a key role in the maintenance of proper blood vessel flow, vascular pressure regulation, and other endogenous functions. For this reason, the determination of cell mechanical properties may point out to its physiological functional state. On the other hand, nonphysiological values of elasticity may represent a sign of malfunction of endothelium that contribute to the variety of cardiovascular diseases [4] .
In recent years, in addition to biochemical and physiological studies, research on mechanical properties of the endothelial cells has been performed. Among that, a great potential of atomic force microscopy (AFM) and spectroscopy techniques for determination of cell shape, membrane structure, its stiffness, and adhesive properties was demonstrated. Oberleithner et al. have found rapid response of the endothelial cells to mineralocorticoid hormone aldosterone manifesting in the changes of volume of the central (nuclear) cell compartment and its elasticity [11, 13] . Later, the study on the influence of the plasma sodium and potassium concentration on endothelial cell stiffness has shown anticorrelation with nitric oxide release (NO is the strongest among known vasodilators) [12, 14] . The response of endothelial cell lines derived from different parts of human body to the same chemical compound may vary, as shown in [13] . Indeed endothelial cells of bovine aorta were significantly swelling in presence of 0.1 nM aldosterone, while the same effect was observed for substantially higher (100 nM) concentration of the hormone for human umbilical vein endothelial cells (HUVEC).
The purpose of this work is to investigate the endothelial inflammatory response, which is crucial for systemic homeostasis. Tumor necrosis factor alpha (TNF-α) is one of the human cytokines stimulating acute phase reaction and systemic inflammation. It is produced mainly by local inflammatory cells (macrophages and monocytes) but also by endothelial cells [19] . It is known that 12 h stimulation by TNF-α (5 ng/ml) has significantly increased the intercellular adhesion molecule 1 expression (4-fold) and leukocyte adhesion (20-fold) [3] , which confirms the inflammatory state triggered by this molecule. Recent research performed by our group has revealed the response of EA.hy926 (permanent human umbilical vein endothelial cell line) to long-time exposure to TNF-α, which affects the cell shape and elasticity (unpublished results). Basing on the fact that TNF-α induces inflammation of endothelium and it is also produced by those cells, this cytokine was chosen by our group to investigate the properties of dysfunctional endothelium. The response of endothelial cells induced by the same amount of chemical or mechanical stimulation may significantly vary [13] ; hence, in this work, the response of human dermal microvascular endothelial cells (HMEC) is determined in terms of morphology, stiffness, and nitric oxide production in exposition to TNF-α. Furthermore, a hypothesis is proposed, which may explain observed changes by processes related to endothelial cytoskeleton reorganization. Additionally, fluorescent F-actin staining experiment may confirm the hypothesis. Our research has revealed a similar behavior for EA.hy926 cell line, where the influence of TNF-α on nitric oxide production was determined in addition to previous research on this cell line.
Experimental details

Materials
The HMEC were received courtesy of Center for Disease Control and Prevention, Atlanta (GA, USA). Hybridoma EA.hy926 cell line, formed by the fusion of HUVEC with the human lung carcinoma cell line, A549 [7] , was kindly provided by Dr C-J. Edgell (Department of Pathology University of North Carolina, Chapel Hill, NC, USA) [7] . Pol-L-lysine glass slides were obtained from Thermo Scientific. L-Glutamine, human epidermal growth factor (EGF), fetal bovine serum (FBS), and unit of antibiotics-penicillin, streptomycin, and fungison-were bought from Invitrogen (Warsaw, Poland). MCDB medium, Dulbecco's phosphate-buffered saline (D-PBS; pH 7.4) 1×, trypsin (0.25%), hydrocortisone, and TNF-α were purchased from Sigma Aldrich (Poznan, Poland). Fluorescent stains (Phallotoxine-Alexa Fluor 488 phalloidin and DAPI) was bought from Invitrogen (Warsaw, Poland). All the solvents were Lab (suitable for general laboratory applications) and A.C.S. (high-quality) grade. All the products have been used without additional purification.
Cell culture
For HMEC culturing, MCDB medium was used with a final serum concentration of 10%, L-glutamine of 1%, hydrocortisone of 2%, EGF of 0.001%, and antibiotics (penicillin, streptomycin, and fungison) of 0.1%. The cells were seeded on the culture flasks after 3 days of incubation at 37
• C. After that, cells were rinsed with D-PBS (pH 7.4) and then incubated in 3 ml of trypsin in order to detach the adherent cells from the flask. This process was continued at 37
• C until 90% of cells were collected. The trypsin was then neutralized by adding 2 ml of serum and 5 ml of MCDB medium to the flask, and the prepared solution was thereafter transferred to a 15-ml sterile centrifuge tube. The cells were centrifuged at 1,200 for 5 min and re-suspended in fresh growth medium.
EA.hy 926 is a permanent cell line derived by fusing human umbilical vein endothelial cells with cell line A549. Cells were grown in DMEM supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 IU penicillin, 100 μg streptomycin, and 2% HAT Supplement (GIBCO). Cultures were maintained at 37
• C in a fully humidified atmosphere of 5% CO 2 in air. Cells were passaged twice a week.
Preparation of the samples
Pol-L-lysine glass was cleaved into 1 × 1 cm plates. Next, the surfaces were rinsed with ethanol and sterilized with UV light in laminar chamber for 30 min. After cleaning, the samples were exposed to human dermal microvascular endothelial cells from third or fourth passage at a concentration of 4 × 10 4 cells/ml for 48 h. This process was continued at 37
• C and atmosphere with 5% of CO 2 concentration. Then, samples with cells were exposed to TNF-α for various incubation periods (1, 3, 6, 12 , and 24 h). For each incubation period, a cytokine unexposed sample was prepared in parallel as a reference. TNF-α was dissolved in fresh medium in concentration of 10 ng/ml. Loosely bound cells were removed from the surface by rinsing the substrate with fresh medium heated to 37
• C. Petrache et. al have shown that 100 ng/ml of TNF-α leads to increased apoptosis of endothelial cells [15] . Thus, for the presented research, an order of magnitude lower concentration of TNF-α (10 ng/ml) was used. Fluorescent apoptosis control tests have not revealed any increased apoptosis for this concentration up to 48 h of incubation. Cells were fixed using 2.5% glutaraldehyde for morphology measurements in order to reduce the elastic deformation during imaging [22] .
Fluorescence
In order to visualize the cytoskeleton reorganization induced by TNF-α, F-actin fibers and nucleic acids were stained with Alexa Fluor 488 and DAPI, respectively. Prior to staining, cells were rinsed with warm phosphate-buffered saline solution. Then cells were fixed with 2% formaldehyde for 10 min and permeabilized 0.1% Triton X for 4 min. Next, cells were incubated with PBS and 1% BSA and then stained with Phallodoxine (10/500 μl PBS) for 16 min in room temperature. In the end, DAPI in the final concentration of 0.00025% (w/v) was added for 4 min. Each of the described steps was followed by double rinsing with PBS. The cells were excited with Olympus X-Cite Q120 lamp, observed by Olympus U-MWU2 (DAPI) and U-MWIB2 (Phallodoxine) filters, and visualized through Olympus IX71 with ×20 objective. The images were recorded and then processed with Olympus CellSense software.
Atomic force spectroscopy
Elasticity measurements Atomic force spectroscopy is one of the most versatile techniques allowing the determination of mechanical properties in the nanometer scale. Morphology and elasticity were measured using Nanoscope IIIa Multimode-SPM (Veeco Instruments, Santa Barbara, CA, USA) with soft triangular cantilevers (MLCT multilever, spring constant around 0.01 N/m, Veeco Probes, Camarillo, CA, USA). Tip radius and geometry were determined by scanning TGT1 (NT-MDT) spike grid standard in contact mode and deconvoluted in SPIP software. The spring constant of all used cantilevers was calculated from the thermal oscillations of unloaded lever in air [16] and analyzed by NanoScope 6.1 software. Prior to measurements, deflection sensitivity and calibration curve were determined on a bare glass immersed in medium. Samples were placed on the piezo scanner and measured without fixation inside liquid cell in medium pre-warmed to 37
• C. First, topography of the surface was recorded in AFM contact mode. Then, a region of average size of 7 × 7 μm was selected in the central part of the cell, where 144 force-distance curves were collected on the rectangular grid of points. For each sample, at least eight different cells were characterized.
Model Assuming several simplifying conditions, cell indentation with AFM probe may be considered as the elastic deformation of a flat, soft sample under a stiff probe of conical or spherical shape, which is described by the Sneddon's modification of the Hertz model introduced elsewhere [9, 17] . Although in case of living cells assumptions of this model are not met completely, it is useful to determine a quantitative elasticity parameter E, which is often regarded as an equivalent of Hooke's law Young's modulus. In case of this study, the paraboloidal model is employed, since it offers a better fit to the acquired force-indentation curves. According to the model, the dependence between the force F exerted by the tip and indentation depth δ may be expressed by the following power function:
where R is the tip radius and Poisson ratio ν is assumed to be 0.5 (isotropic elastic properties for small deformations).
Optimal force determination Prior to experiments, the dependence between applied loading force and elasticity parameter E was determined. For this purpose, the force exerted by the tip was changed within a range of 0.4 to 4 nN, and respective force-indentation curves were collected on the control cells. Data analysis has shown the initial increase of the elasticity parameter with the plateau afterward (Fig. 1) . Basing on the latter, for further measurements, the force equal to 1.5 nN was Fig. 1 Relation between loading force applied to the cell and calculated elasticity parameter E. After the initial increase, the elasticity value stabilizes for forces higher than 1.5 nN chosen, as it is the plateau limit and thus the smallest value giving repetitive and comparable results.
Data analysis Elasticity parameter was calculated for every force-indentation curve applying the model. Results plotted in Fig. 2 production after exposition to TNF-α in relation to the respective control samples were calculated.
Results and discussion
Morphology
Repetitive changes in cell morphology related to TNF-α stimulation time are observed. Basing on the statistics from 26 to 28 cells for each incubation time, cell apical surface area, volume, shape, and height were analyzed in order to quantify the morphological response of HMEC to TNF-α. Additionally, both AFM and fluorescent images brought information about cell distribution on the surface. For the control sample, cells mainly group in layered regions of tightly connected cells forming cobblestone-like pattern. For 1-h incubation with cytokine, the structure remains unchanged; however, many intercellular gaps could be observed (Fig. 6b) , as also mentioned in [20] . Longer incubation time (3 h) showed diversity: Fragments of cobblestonelike pattern are still present, but numerous intercellular gaps dominate the structure. Cells exposed to TNF-α for 6 h and more tent to form islands, although for 12 and 24 h, the cell distribution is far less ordered. The large AFM scan size (100 × 100 μm) was used in order to visualize the whole cell together with lamellipodia. The image was plane-flattened and the cell height was measured. The cell apical part, considered as top half of the cell based on the measured height, was analyzed to calculate volume and surface area. Values averaged for 26 to 28 cells are presented in Fig. 3 . Apart from volume and surface area, the aspect ratio was calculated. It was taken as a ratio between the apical cell part length (as the longest chord of cell cross section at half of the height) and width (distance along the axis perpendicular to the previous chord). This parameter indicates the cell elongation. The increased value of this parameter followed by the drop in cell height is related to the cell elongation. On the other hand, the cell turning into spherical shape results in the decrease in aspect ratio and growth in height. Figure 4 presents averaged results of aspect ratio and height based on morphology measurements. Additionally, the topography of selected apical cell parts representative for given cytokine incubation period is shown in Fig. 5 (images 30 × 30 μm).
It could be observed that TNF-α influenced all of the parameters used to characterize the cell morphology and the TNF-α response was dependent on the incubation time. For the control sample (Fig. 5a ), which is not exposed to TNF-α, spindle-shaped cells are dominant. The biggest difference in all parameters occurred for 1-h cytokine incubation. For 1-h incubation with TNF-α, cells tend to contract and take the shape closer to spherical (Fig. 5b) , which is connected with about 30% reduction in aspect ratio and an increase in height followed by the drop in apical area and average volume. For the following 3-and 6-h incubation periods, both surface area and volume have risen in relation to 1 h, while aspect ratio and height remained unchanged. Interestingly, for 12 h, only an increase in height can be observed, while fluctuations of another parameters Fig. 4 The graph presents the aspect ratio, i.e., the proportion between the length and width of the apical part of the cell, which reflects the cell shape. Observed changes correspond to the modifications of apical surface area and volume do not extend above statistical inaccuracy. This pattern of endothelium response might be connected to strong proinflammatory activation [3] and rapid depolymerization of F-actin ("Fluorescence-actin skeleton analysis" section). Surprisingly, incubation with TNF-α for 24 h showed higher values of apical surface area and volume in relation to 12 h, although the dispersion of those parameters between different cells was quite high.
Fluorescence-actin skeleton analysis Figure 6 depicts the representative fluorescence images for different incubation periods with TNF-α. Microfilaments consist of actin in two forms: Gactin (globular actin, monomeric subunits) and F-actin (filamentous actin). F-actin is a crucial part of cytoskeletal fibers, which determine the shape and elastic properties of the cell. Hence, cells were stained for Factin fibers (green) and nucleic acids (blue). It can be seen that F-actin fibers undergo distinct modification under the influence of TNF-α. For the control, quiescent endothelial cells, mainly thin fibers, are present going round the cell edges. The incubation with TNF-α for 1 h resulted in the creation of thin, parallel, and rather dense fibers structuring along main cell axis (arrow 1 in Fig. 6b ) and round at cell edges (arrow 2) in a significant fraction of all cells. The observation can be explained by actin polymerization that leads to the formation of F-actin fibers [20] . Effects of continuing polymerization are visible for longer incubation (3 h) in Fig. 6c . The fibers which group along the cell main axis seem to form thicker bundles, as denoted with arrow 3, while fibers going around cell edges are still present for the places where endothelial cells have cobblestone appearance. Figure 6d shows diversification in F-actin location and structure for 6 h TNF-α stimulation. A fraction of cells include thick F-actin bundles (arrow 6); however, most of them seem to have the F-actin content decreased compared to the shorter incubation. Furthermore, shortened fibers of irregular orientation are observed (arrow 5), which is characteristic for the Factin depolymerization process [2] . The process seems to continue, as the significant intensification of the latter effect is observed for 12 h (arrow 7) and 24 h (arrow 8) incubation with cytokine (Fig. 6e) , where numerous short, chaotically oriented fibers are visible in most of the cells. The elasticity changes in response to TNF-α in HMEC cells Cumulative elasticity parameter histograms (Fig. 2) depict changes caused by stimulation with TNF-α. Median is determined basing on log-normal distribution fit (Table 1). In order to compare the data, the relative change η i is calculated: Half of the full width at half maximum is noted next to the fitted distribution median where E i control and E i TNF are the medians of elasticity parameter E for control cells and cells stimulated with TNF-α after i ∈ {1, 3, 6, 12, 24} h of incubation (Fig. 7) . Root mean square deviation value corresponds to inaccuracy of the log-normal distribution median fit (values marked at Fig. 2) . A two-stage response in cell elasticity is evoked by TNF-α stimulation. Concurrently, TNF-α stimulation results in the alteration of the proportion between Gactin and F-actin.
A short incubation with cytokine (1 h) leads to polymerization of actin fibers which is located in the cytoplasm, and thus, F-actin becomes the dominant form. During polymerization of monomeric G-actin, cell contraction and stress fiber formation are observed [20] . Results of F-actin staining discussed in "Fluorescence-actin skeleton analysis" section have revealed the cytoskeleton reorganization induced by TNF-α. Both the creation of numerous peripheral and parallel thin fibers inside the cell after 1 h of contact with TNF-α is observed. This may explain the significant increase in cell elasticity parameter. A simultaneous shrinkage in protrusions responsible for intercellular connections is observed. These effects are in agreement with the observed modification of cell shape (Figs. 3, 4 , and 5b). Elasticity parameter after The anti-correlation between this two parameters can be observed. Elasticity parameter reflects cell stiffness, i.e., the lower is the cell elasticity parameter, the softer is the cell 3 h of incubation with TNF-α is still higher than for the unstimulated cells; however, it is reduced in relation to 1 h. It may be connected to the changes of F-actin fiber configuration, as observed in fluorescent staining images (Fig. 6b, c) -for 3 h, the fibers become thicker and less dense. Between 3 and 6 h, the cells become softer than the unstimulated cells, which may reflect the beginning of the depolymerization process (as concluded from Fig. 6d ). Longer incubation with TNF-α results in elasticity parameter smaller than for reference cells, which may evidence the continuing depolymerization of F-actin fibers.
Anticorrelation between elasticity and NO production Nitric oxide production is related to the control value in an analogous way to elasticity. Results are presented on the same graph to visualize the relation between these two parameters (Fig. 7) . NO production anticorrelates with elasticity parameter, i.e., the increase in one parameter is accompanied by the decrease of the other and conversely. This is in agreement with the observation made by Fels et al. that the "soft" cells release more nitric oxide than the "stiff" ones [8] . G-actin is known to increase the activity of eNOS (endothelium NO synthase) [18] , which matches well the proposed relation between elasticity changes and actin cytoskeleton rearrangement.
To confirm the result, the NO production was measured using the same protocol for EA.hy926 endothelial cell line. Results are put together with elasticity Fig. 8 EA.hy926 elasticity and NO production changes in relation to control samples for different stimulation periods with TNF-α. The anticorrelation between those two parameters can be observed. Elasticity parameter reflects cell stiffness, i.e., the lower is the cell elasticity parameter, the softer is the cell measurements performed earlier by our group (unpublished results) in Fig. 8 . Despite slightly different absolute values specific for the cell line, the analogous tendency may be observed, which confirms the proposed interpretation. NO production is directly dependent on cell elasticity changes arising from actin cytoskeleton reorganization, as evidenced by Fels et al. [8] . The actin transition to its polymerized F-actin form leads to the increase in cell elasticity parameter accompanied with the reduction of NO production. The trend changes when cell elasticity parameter decreases. Then NO production intensifies, which is connected with G-actin domination.
Conclusions
In this paper, endothelial cell response to inflammatory cytokine TNF-α was characterized. The latter stimulates the immune system, having a significant influence on endothelial cells. It activates a cascade of characteristic inflammatory reactions, as production of interleukins, adhesion molecules, and other proinflammatory mediators. The impact of TNF-α on morphology and elasticity of endothelium and concomitant changes in NO production was examined in the context of cytoskeleton reorganization, which plays an important role in cellular processes and maintains cell shape and intercellular tight junctions. The proposed interpretation is in agreement with literature data, which relates the actin fiber configuration to NO production [8, 18] . Actin and myosin fiber reorganization controlled by the Rho-dependent pathway directly influences the activity of eNOS enzyme and subsequently biological activity of endothelial NO that regulates permeability changes and other aspects of inflammatory response of the endothelium leading to endothelial dysfunction [5] .
Endothelial cells exposed to TNF-α were characterized in respect to four different properties: morphology, elasticity, F-actin formation, and NO production estimated on the basis of nitrite concentration. Parameters evaluating those properties seem to be dependent on each other, as they are connected to actin filament reorganization. Noteworthy, the presented study compares TNF-α induced response in HMEC and EA.hy926 cell lines. Although these cells were derived from different vascular beds within the organism and they differ in size and culturing protocol, the overall tendency for changes in characterized parameters remains the same. TNF-α evokes two-stage inflammatory response of the endothelium characterized by an immediate increase in elasticity parameter, polymerization of F-actin, and decrease in NO production (1-3 h after TNF-α) and subsequent progressive decrease in cells stiffness, Factin depolymerization, and increase in NO production (6-12 h after TNF-α).
Undoubtedly, the results presented in this paper are in a good agreement with the proposed previously relationship between NO and cell elasticity presented in [8] . The increase in cell elasticity parameter connected with the contraction of the cell (1 h incubation) is linked to the increased formation of the polymerized fraction of actin. This is evidenced by fluorescent staining. At the same time, a reduction in NO production is observed. This behavior of the cell may be inferred as a first temporal reaction triggered by the initial inflammatory response and most likely can be linked to activation of endothelial reactive oxygen species production. The described endothelial proinflammatory activation that is of short duration is soon followed by a second phase during which cell undergoes functional transformation with the pronounced drop in cell elasticity parameter that makes the cells more susceptible to shear stress mediated by blood flow [8] . The latter is directly linked to the intensification of blood vessel permeability as well as complex proinflammatory and prothrombotic phenotypic changes of endothelium and may contribute to the perpetuation of the pro-inflammatory phenotype of the endothelium.
